We propose a high-temperature actuator composite material composed of a high temperature shape memory alloy (HTSMA) TiAu with a high martensitic transformation temperature (M s ¼ 880 K) and ferromagnetic cobalt with a high Curie temperature (T C ¼ 1388 K). This actuator material can be driven by magnetic field in a bending mode due to ferromagnetic force acting on the Co-layer and generates a large actuation strain which originates from the HTSMA. The purposes of this work are (1) to fabricate the composite materials laminated as TiAu/Co/TiAu by a diffusion bonding method through hot pressing, (2) to characterize the microstructure near the bonding interface between TiAu and Co layers, (3) to evaluate growth behavior of the diffusion layer, and (4) to determine the optimum condition for the fabrication. The composite materials were fabricated by hot pressing at 1073, 1173 and 1273 K for 10 h. The bonding interface between TiAu and Co was observed by a scanning electron microscope and concentration profiles were measured by an energy-dispersive X-ray spectroscopy. In order to evaluate the growth behavior of the diffusion layer, the TiAu/Co composites were aged at 773, 1073, 1173 and 1273 K for 24 h. It was found that, after the hot pressing, TiAu and Co layers were successfully bonded, and that two reactant intermetallic compounds were formed near the TiAu/Co interface. The intermetallic compounds were identified to be C11 b Ti(Au,Co) 2 and C36 (Ti,Au)Co 2 . As for the growth behavior, the thickness of the diffusion layer was not changed by aging at 773 K. However, the thickness was increased by increasing the aging temperature above 1073 K. The apparent activation energy for the growth of the diffusion layer was estimated to be 280 AE 20 kJ/mol in a temperature range of 1073-1273 K.
Introduction
Recently, development of high-performance actuator materials which can be used in a high-temperature (HT) environment with actuation strain and frequency in the order of 0.01 and kHz, respectively, is required. 1) Shape memory alloys (SMAs) are expected to be power actuator materials because they can generate a large transformation strain about a few percent by thermoelastic martensitic transformation.
2) Although several kinds of SMAs such as Ti-Ni, Cu-base, Fe-base, Ti-base SMAs have been known, 2) most of practical applications use TiNi. The highest actuation temperature of TiNi is about 350 K 1, 3) and the highest actuation-frequency is limited to be in the order of 100 Hz in TiNi thin film. 4) This is because the actuation of SMAs requires heat dissipation time through heat transfer. Ferromagnetic SMAs (FSMAs) which are driven by an external magnetic field are proposed with a higher frequency of actuation and a larger actuation strain. At present, NiMnGa has been widely studied as FSMA. 5) The actuation frequency of NiMnGa is expected to reach a few kHz by magnetic field which can be controlled electronically unlike the heatdissipation. There are two actuation principles for FSMAs. One is using the magnetic-induced martensitic transformation whose actuation temperature is higher than martensitic transformation temperature (M s ). However, it takes a higher external magnetic field for actuation. The other is the reorientation of martensite variants coming from the magnetocrystalline anisotropy of FSMAs which can actuate under relatively low external magnetic field. However, there are some drawbacks in this mode of actuation. One is that the actuation temperature is limited to be lower than both the M s and the Curie temperature (T C ). This is because FSMAs must be in both the martensite state and the ferromagnetic state. The M s of NiMnGa is, however, decreased with increasing the Curie temperature 6) and M s equals to T C at around 373 K. 6) This means that NiMnGa cannot be used above 373 K as a FSMA actuator. Another drawback of FSMAs is a relatively low generative force of few MPa, 7) which is about 1/100 of that of TiNi.
A few kinds of SMA/ferromagnet composite actuator materials have been already reported. [8] [9] [10] Taya et al. proposed a new first generation torque actuator based on FSMA composite. 8) Unlike the FSMA of NiMnGa which is actuated by homogeneous magnetic field, these SMA/ ferromagnet composites are actuated by magnetic gradient, and have a large actuation strain due to use the SMAs. As discussed previously, the actuation temperature of the SMAs is, however, not too high. Therefore, we propose a new hightemperature magnetostrictive actuator material which is a laminated composite composed of a high temperature SMA (HTSMA) with high M s and a ferromagnetic material with high T c . The HTSMA/ferromagnet laminated composite has a stacking structure that a thin plate of ferromagnet is sandwiched between relatively thick laminae of HTSMA as HTSMA/ferromagnet/HTSMA. By applying magnetic field with gradient, the ferromagnet layer is elastically bent by magnetic force, and then the reorientation of martensite variants of HTSMA occurs when the magnetic force is sufficiently high. Even though the strain at the surface of the HTSMA lamina reaches a few percent, the strain of the ferromagnet layer can be kept within the elastic region which the value of strain is around 0.2%. The shape strain of the laminated composite is, therefore, perfectly recovered by the inversion of the field or heating above the reverse martensitic transformation temperature (A f ).
In this work, TiAu with M s ¼ 880 K [11] [12] [13] and cobalt (Co) with T C ¼ 1388 K were selected as the HTSMA and the ferromagnet, respectively. Figure 1 shows the lattice correspondence and the crystal structures of the B2 parent phase (cubic) and the B19 martensite phase (orthorhombic). Equiatomic TiAu exhibits a thermoelastic martensitic transformation from B2 to B19 at around 880 K. The principal strains of the transformation are À10%, 2% and 7% 14) and the maximum value is close to that of TiNi. 15) Diffusion bonding through hot pressing is a conventional technique to fabricate the laminated composite. When Co atoms are solved into TiAu layers, M s of TiAu is decreased with increasing the amount of Co as seen in Fig. 2 . 14, 16) In addition, there is a possibility that brittle intermetallic compounds are formed as reactants at the interface between TiAu and Co during the hot pressing. In general, such reactants are detrimental for the bonding strength.
17) The diffusion behavior near the TiAu/Co interface and the control of the thickness of the diffusion and the reactant layers are, therefore, necessary for the fabrication. Besides, the morphological change near the bonding interface often determines the lifetime, thus, the interfacial change at the operated temperature should be investigated. Therefore, the purposes of this work are (1) to fabricate the composite materials laminated as TiAu/Co/TiAu by a diffusion bonding method through hot pressing, (2) to characterize the microstructure near the bonding interface between TiAu and Co layers, (3) to evaluate growth behavior of the diffusion and reactant layers, and (4) to determine the optimum condition for the fabrication.
Experimental Procedure
Starting materials used were elemental Ti, Au and Co with purity of 99.99%, 99.99% and 99.9%, respectively. Equiatomic TiAu ingots were fabricated by Ar arc-melting method with a non-consumable W electrode and were hot-forged at 1423 K for 24 h to be about 0.8 mm in thickness. Then, the TiAu lamina was cold-rolled with 50% reduction rate. A Co lamina with the thickness of about 0.4 mm was cut from a tablet of pure Co, and then cold-rolled with 47% reduction rate. The final thicknesses of the TiAu and Co lamina were around 0.5 mm and 0.2 mm, respectively. A Co lamina was sandwiched by two TiAu laminae and they were bonded by hot pressing at 1273, 1173 and 1073 K for 10 h in vacuum using boron-nitride-coated carbon dices. The heating and cooling rate of the hot pressing was 0.067 K s À1 (4 K/min). The hot-pressed laminate were cut into some pieces by electro-discharge machining and finished by mechanical polishing. In order to characterize the microstructure and diffusion behavior, cross-section bonding interfaces between TiAu and Co were observed by a field-emission gun type scanning-electron-microscope (FE-SEM). The chemical compositions and concentration profiles near the TiAu/Co interfaces were measured by an energy-dispersive spectroscopy (EDS) analysis equipped with the FE-SEM. In order to evaluate the growth behavior of the diffusion layer, the TiAu/Co composites were aged at 773, 1073, 1173 and 1273 K for 24 h and then similar observations were made by FE-SEM and EDS. Table 1 . In order to identify the intermediate phases formed, the concentration profiles were compared to the Ti-Au-Co ternary phase diagram at 1173 K in Fig. 6 . 18) In the ternary phase equilibrium, some intermetallic phases exist in relatively narrow composition ranges unlike the B2 phase. Then, Reactant layer 1 is considered to be an intermetallic compound of (Au,Co) 2 Ti with C11 b structure. On the other hand, the composition of the dark part of Fig. 4(b) depended on the distance from the point of ''zero'' as shown in Fig. 4(a) . In the dark part, Co-layer side is Co rich (50-60 mol%) and the TiAu-layer side is Co poor (20-40 mol%). It is, therefore, believed that the dark part is a solid solution of B2 Ti(Au,Co). As for Reactant layer 2, the composition ratio between (Ti,Au) and Co is approximately 1:2 and the composition was insensitive to the distance from the point of ''zero'' as shown in Fig. 4(b) . The composition of Reactant layer 2 was 24-26 mol%Ti, 9-11 mol%Au and 64-66 mol%Co. According to the phase diagram, the intermediate phase formed was identified to be Co 2 (Ti,Au) with C36 structure.
The diffusion path deduced from the experimental results and Ti-Au-Co ternary phase diagram is shown in Fig. 7 (indicated by the bold line). When we focus on Co element, Co atoms diffuse from the Co-layer towards TiAu-layer by passing through the C36 and C11 b phases. Thus, the diffusion path near the TiAu/Co interface is TiAu/TiAu(Co)/ (Au,Co) 2 Ti/Co 2 (Ti,Au)/Co(Ti,Au)/Co.
The Growth of the diffusion layer
Intermetallic compounds with complex structures generally brittle, hence, the suppression of formation and growth of the intermetallics is required to prevent the degradation of the bonding strength. In order to evaluate the growth of the diffusion layer, TiAu/Co composites hot pressed at 1173 and 1273 K for 10 h were cut into several pieces and they were aged at 773, 1073, 1173 and 1273 K for 24 h. Figure 8 shows SEM images near the TiAu/Co interface of the composite hot pressed at 1173 K before aging (a), after aging at 773 K (b), 1073 K (c), 1173 K (d) and 1273 K (e), respectively. Figure 9 shows the concentration profiles corresponding to Fig. 8 . Table 2 shows the change in thickness of the diffusion layer due to the aging treatments. By comparing Fig. 8(a) and (b) or Fig. 9(a) and (b) , the growth of the diffusion layer was not observed when the specimen was aged at 773 K. Then, it is expected that the composite must keep its properties during the service under 773 K at least for 24 h. However, as seen in Figs. 8 and 9 , the thickness of the diffusion layer was increased with further increasing the aging temperature. Similar results were obtained for the composite hot pressed at 1273 K. Based on these results, the growth of the diffusion layers was estimated as follows. The initial position of the TiAu/Co interface was not determined in this study. The width of the diffusion layer, X, was used to analyze the kinetics of the growth of the layer. X can be roughly expressed as, 19, 20) X
where D is the diffusion coefficient and t is the annealing time. The diffusion coefficient D at a temperature T is given as, 19, 20) 
where Q is the apparent activation energy for the growth of the diffusion layer, D 0 is the diffusion constant and R is the gas constant. By using the results of the layer growth and eqs. (1) and (2), an Arrhenius plot of ln ÁX vs. 1=T was made as shown in Fig. 10 . Q and D 0 were estimated to be 280 AE 20 kJ/mol and 0:58 AE 0:1 m 2 s À1 , respectively.
Suppression of the reactant layer
In order to suppress the brittle failure during actuation, the thicknesses of the reactant layers must be sufficiently thin as well as the diffusion layer. By using the apparent activation energy for the growth of the diffusion layer, we can predict the growth of the diffusion layer. To suppress the reactant layers sufficiently, here, we believe that the thickness of the diffusion layer should be less than 10 mm. By using the obtained Q and D 0 and eqs. (1) and (2), an optimum hot pressing condition to make the thickness of the diffusion layer less than 10 mm was estimated to be 1073 K for 10 h. Under the condition, the diffusion layer formed was calculated to be 12 mm. According to this prediction, a TiAu/Co composite was actually made by hot pressing at 1073 K for 10 h. Figure 11 (a) and (b) shows a SEM image and a corresponding concentration profile near the TiAu/Co interface, respectively. As shown in Fig. 11 , the thicknesses of the diffusion layer and Reactant layer were around 7 mm and 2 mm, respectively. These values are in good agreement with the prediction, and it is calculated that the thickness of the diffusion layer is suppressed less than 10 mm when the composite was hot pressed at 1073 K for 10 h.
Conclusions
(1) The thickness of the diffusion layer was increased with increasing the temperature for the hot-pressing: 19 mm at 1173 K and 50 mm at 1273 K. (2) Two intermediate phases were formed near the TiAu/ Co interface, and they were identified to be C11 b Ti(Au,Co) 2 and C36 (Ti,Au)Co 2 . Besides, the diffusion path near the TiAu/Co interface is determined as TiAu/ TiAu(Co)/(Au,Co) 2 Ti/Co 2 (Ti,Au)/Co(Ti, Au)/Co. (3) The growth of the diffusion layer was not observed when aged at 773 K for 24 h. However, the thickness of the diffusion layer was increased with further increasing the aging temperature. (4) The kinetics of the growth of the diffusion layer was quantitatively analyzed to control the thickness of the diffusion layer. The apparent activation energy Q and the diffusion constant D 0 were estimated to be Q ¼ 280 AE 20 kJ/mol and D 0 ¼ 0:58 AE 0:1 m 2 s À1 , respectively. Based on these values, the optimum hot-pressing condition was determined to be the temperature of 1073 K and the duration of 10 h. The predicted thickness of diffusion layer (12 mm) was in good agreement with the experimental value (7 mm). 
